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Abstract

Treatment with ammonium sulfide [(NH4),S«] solutions is used to produce model passivated
InAs (001) surfaces with well-defined chemical and electronic properties. The passivation
effectively removes oxides and contaminants with minimal surface etching, and creates a
covalently bonded sulfur layer with good short-term stability in ambient air and a variety of
aqueous solutions, as characterized by x-ray photoelectron spectroscopy (XPS), atomic force
microscopy, and Hall measurements. The sulfur passivation also preserves the surface charge

accumulation layer, increasing the associated downward band bending.
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1. Introduction

A continuing challenge to the development of electronic and photonic devices based on III-V
semiconductor heterostructures is the high density of electronic states within the band gap that
typically exists at the surface of these materials. These mid-gap states pin the surface Fermi level
(Ep) [1], creating a large Schottky barrier detrimental for metal contacts [2], and increasing the
surface recombination velocity (a problem for photonic devices). A widely studied approach to
removing or at least controlling the E, pinning is chemical passivation of surfaces [1, 3, 4].
Because GaAs has dominated III-V device development, most passivation research has focused
on surfaces of this material [3, 5, 6].

Instead of attempting to eliminate variations in mid-gap states on GaAs, it has recently been
demonstrated that the sensitivity of these states to chemisorption can be used for gas sensing [7].
In a field-effect transistor (FET)-like device, the space-charge layer in the GaAs creates a two-
dimensional electron gas (2DEG) confined near the GaAs/AlGaAs interface about 50 nm below
the GaAs surface. Adsorbates on the surface cause surface band bending and thus change the
carrier density, which changes the conductance of the device.

The inherent material properties of InAs suggest that at InAs surfaces a larger adsorbate-
induced conductivity change can be observed. In InAs, Er is typically pinned above the
conduction band minimum (CBM), corresponding to downward band bending at the surface.
This band bending causes a charge accumulation layer to naturally form at InAs surfaces and
heterojunctions, as first indicated by Schottky barrier measurements [2, 8], and later confirmed
by electron tunneling [9-11] and electron spectroscopy measurements [12-17]. The charge
accumulation layer creates a natural 2DEG at InAs surfaces [9-11, 16], and because the 2DEG is
located immediately below the surface, surface band bending in InAs has been produced even by

submonolayers of adsorbates [17-19].



In contrast with the above studies of InAs surfaces prepared under ultra-high vacuum (UHV)
conditions, we interested in sulfur-passivated InAs (InAs-S) surfaces prepared by wet chemistry.
Wet chemical methods of surface passivation are inherently simpler than UHV-based approaches
and offer many possibilities for subsequent surface processing, such as the addition of organic or
bio-chemical functionality. In addition, as we demonstrate in this work, wet chemical sulfur
passivation produces surfaces with a well-defined structure and robust chemical properties,
appropriate for use as model InAs surfaces that can be easily prepared and studied in the ambient
environment. In particular, we observe that the subsurface charge accumulation layer is
preserved by the wet chemical treatment, and thus the passivated surfaces are suitable for

measurements of adsorbate-induced band bending under the ambient conditions.

2. Experimental

Two types of InAs (001) samples were used in this study. Surface chemistry and etching
experiments were done with samples cut directly from a single-side polished undoped
(intrinsically n-type) InAs (001) wafer. InAs films grown by molecular beam epitaxy (MBE)
were used for conductivity and electronic structure measurements, made possible by an
InAs/AlISb quantum-well structure. The relaxed InAs films were grown on semi-insulating GaAs
substrates in an MBE facility equipped with a valved As cracker and a Sb cracker. A buffer layer
was first grown consisting of 1 pm each of GaSb and AISb, followed by 10 periods of a (§ ML
GaSb/8 ML AISb) “smoothing” superlattice. Subsequently, 25 nm of AISb was grown, followed
by a 17 nm-thick InAs terminal film. The sample was then cooled under As flux to 200 °C. The
growth surface was capped with 1 ML of In deposited at 75 °C.

Commercial 20% water solution of analytical reagent grade ammonium sulfide [(NHy4),S]

was used to prepare the sulfur-passivation solutions. Both the full strength 20% solution, pH~11,
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and that diluted by two parts of water, pH=10-10.5 (identified as “7% solution” from here on)
were used. Elemental sulfur was added to (NH4),S to form sulfur saturated solutions, usually
denoted as (NHy),Sx in the literature [20]. Typically less than 0.1 g of sulfur dissolved in 15 ml
of the 7% solution, creating a bright yellow-colored liquid (pH~9.5-10). The InAs samples were
degreased in acetone and ethanol (or isopropanol) for 2 min each, rinsed in de-ionized water, and
blown dry under dry nitrogen. In the standard passivation treatment, samples were soaked in 7%
(NHy4),Sx solution for 15 min at approximately 35 °C. Passivating solution was heated in Pyrex
glass beakers placed directly on a digital hotplate, or in polypropylene beakers placed in a
waterbath. The samples were then rinsed for 2 min under flowing de-ionized water and blown
dry.

The surfaces were characterized by X-ray Photoelectron Spectroscopy (XPS) with a
monochromatized Al Ka source in a commercial UHV system (base pressure of 1x10°° Torr).
For high-resolution core-level spectra, the analyzer pass energy was set to 20 eV; for survey
scans, pass energies of 50 eV and 100 eV were used. The corresponding nominal analyzer
contributions to resolution were 0.36, 0.9 and 1.8 eV. The surface area sampled was about 0.5
mm’ for the standard measurement conditions and somewhat smaller for angle-resolved
measurements (5° nominal acceptance angle). All XPS measurements were done at room
temperature with no additional in-situ processing.

To complement the angle-resolved XPS measurements of the surface electronic properties,
the room-temperature, two-dimensional carrier density and zero-field mobility were determined
by Hall measurements (in air) on 5x5 mm® samples from the MBE-grown InAs/AISb material.

The measurements were made using van der Pauw geometry and magnetic fields up to 3 kG.



3. Results and discussion
3.1 Initial structure of S-passivated InAs

An early review [21] of III-V semiconductor-based metal-insulator-semiconductor (MIS)
structures makes the following comment about native oxides: “None of the homomorphic ...
dielectric layers investigated thus far are entirely adequate for III-V compound MIS structures.
The homomorphic layers are soft, hygroscopic, compositionally and structurally
inhomogeneous.” The native oxide on InAs thus cannot be considered as a good surface
passivation layer and typically needs to be removed.

A common method of passivating III-V semiconductor surfaces is by immersion in sulfur-
saturated ammonium sulfide solutions ((NHy4),Syx), as pioneered for GaAs [20, 22, 23], and later
extended to other I1I-V materials [1, 4, 24], including InAs [24-27]. As demonstrated by our XPS
results (Fig. 1), (NH4)>Sx passivation is very efficient at removing the oxides and preventing
contamination for InAs (001). Surface contaminants after passivation, as indicated by intensity of
the oxygen and carbon XPS peaks, are comparable (Fig. 1 insets) to those observed in a
reference spectrum measured on an in-situ cleaved surface [28]. Ratios of C Is and O Is
intensities to the bulk-dominated As 3d peak indicate that the passivated sample shows about
60% more oxygen but about 20% less carbon contamination than the reference sample; this
result is quite remarkable given that the passivated sample was exposed to ambient air for about
20 min, whereas the reference sample was freshly cleaved in UHV [28].

Small amounts of physisorbed contaminants are, of course, unavoidable on surfaces prepared
in the ambient environment, but because they are not likely to strongly affect the surface
chemical and electronic properties, their presence does not preclude the use of InAs-S as a model

passivated surface. Chemisorbed impurities (in particular oxides) are clearly efficiently removed



by the passivation treatment, as indicated by the absence of In 3ds, and As 3d core-level
components shifted to higher binding energy (compare Fig. 2 top and bottom).

The structure of the sulfur-passivated InAs (001) surface has been previously studied using
spectroscopy [24, 29] and diffraction [24, 29, 30] methods, resulting in the following model.
Along the (001) direction, InAs is composed of alternating In and As planes. In XPS data (Ref.
[29] and Fig. 2), In-S bonding is clearly observed, with little or no As-S. This chemical
information suggests a surface terminated by an In plane with a disordered chemisorbed sulfur
layer on top, consistent with coaxial impact collision ion scattering spectroscopy (CAICISS) data
[30] and electron diffraction observations [24, 29]. The observed amount of sulfur is typically
about one monolayer within the accuracy of the respective measurement techniques. There may
also be a small amount of elemental As present in the top layer, but the first full As layer near the
surface is protected by the In and S layers above it.

The subsurface position of the first full As layer and the corresponding essentially bulk-like
As 3d XPS spectrum (Fig. 2) immediately after passivation are the two main features that, when
coupled with robust and reliable preparation, make InAs-S a good model surface. Any
chemisorbed adsorbates that are able to disrupt or bypass the top S and In layers can be detected
by the appearance of chemically shifted components in As XPS spectra, thus providing a
quantitative measure of the surface chemical stability (Section 5). Conversely, while the topmost
As layer remains largely intact, the subsurface charge accumulation layer is likely to be
preserved, as demonstrated in the next section.

3.2 Electronic properties
Although it is generally accepted that there is a charge accumulation layer at any InAs

surface or interface prepared by any practical method under UHV conditions, the nature of the



electronic states responsible for the £ pinning above the CBM is a subject of ongoing debate
[18, 19, 31-33]. It is thus unclear a priori whether the partially disordered chemisorbed layers
added by the (NH4),S« passivation will quench, enhance or leave unchanged the degree of band
bending. To determine the effect of this treatment we have used a combination of conductivity
measurements, XPS, and self-consistent band bending calculations. Because of the small band
gap in this system, accurate measurements of the band bending become very challenging.
Therefore we only summarize the results here; the methods and calculations will be described in
more detail in a separate publication [34].

For a freshly passivated MBE-grown InAs(001) film, the 2D carrier density determined by
room-temperature Hall measurements was 3.3x10'2 cm™, higher than the 1.9x10" cm™
measured for the as-grown film. The carrier densities indicate a stronger band bending at the
passivated than at the as-grown surface. Exposure to air during the measurements caused
negligible oxidation of the InAs-S sample (e.g. see Fig. 2 bottom). The as-grown sample became
slightly-oxidized, which was expected to increase the band bending compared to a clean InAs
surface [17].

As a complement to the conductivity measurements, we also recorded high-resolution angle-
resolved XPS spectra of the As 3ds, core-levels on these MBE films. The As 3ds, binding
energies, measured relative to the Au 4f peak at 84.00 eV, are shown in Fig. 3. The observed
angular dependences indicate that some band bending is present in both cases. The surface
sensitivity (i.e. the depth accounting for 95% of the signal) changes from about 10 nm for a 90°
photoelectron take-off angle (normal emission) to about 3 nm for a 25° take-off angle. Even at
glancing incidence then, the spatial resolution is still comparable to the depth of the

accumulation layer, so the apparent As 3ds, peak position only represents some average band



bending that is therefore smaller than the actual surface value. However, the consistent core-level
shift to higher binding energy for the passivated vs. as-grown films, is an accurate measure of the
relative band bending, which is about 75 meV greater (downward) for the passivated film. A
similar value, 60 meV, is obtained from self-consistent band bending calculations based on the
Hall measurements data, which we consider to be good agreement given the experimental and
theoretical uncertainties.

Both XPS and conductivity measurement thus indicate that the band bending is preserved
after the passivation and that it is larger at passivated surfaces compared to a slightly oxidized
one. Both techniques also indicate that the passivation-induced band bending is reduced by re-
oxidation (in ambient or by oxygen plasma). This is a somewhat non-intuitive result given the
higher electronegativity of O compared to S. However it is consistent with a report [35] that Se-
passivation, which is believed to be similar to S-passivation, induces “anomalously” large band
bending as well.

3.3 Re-oxidation in ambient environments

Quantitative measurements of surface stability after a passivation treatment are most often
done using characteristics (e.g. -V curves) of devices based on the passivated semiconductor;
e.g., in case of InAs, metal-oxide-semiconductor structures [36] or photodetectors [37]. Another
common method [1, 4] is to use the evolution of the photoluminescence (PL) yield to track the
device stability over time [37]. Monitoring the oxidation of sulfur-passivated surfaces provides a
more general device-independent method of characterizing the surface stability, e.g. oxidation in
ambient air and by UV/ozone treatment has been studied for GaAs [38] and InP [39].

In case of InAs, XPS of elemental core levels is a sensitive method for characterizing re-

oxidation, as indicated by the observation of shifted components in the In 3ds, and As 3d core-



level spectra presented in Fig. 2. In particular, the As 3d peaks for the As-oxide and sulfide
exhibit substantial chemical shifts, 3—5 eV and 2 eV [29], respectively, giving rise to well-
separated peaks that can be accurately and reliably fit. The In 3ds., sulfide- and oxide-related
components are not as well separated from each other and the bulk peak (0.45 eV for In-S vs. =1
eV for In-Oy ), but In oxidation is associated with visible asymmetry of the In 3ds,, peak towards
higher binding energy.

The re-oxidation of passivated surfaces in ambient air and de-ionized water, as revealed by
the In and As 3d levels is shown in Fig. 4. An almost identical increase in intensity on the higher
binding energy side of the In 3ds, peaks, compared to a freshly passivated surface, indicates
essentially identical re-oxidation of the surface In under all ambient conditions. In contrast, the
As 3d peaks show a notable variation: whereas some As-Oy is present after 3 days of exposure to
air, heating the sample in air for 15 minutes produces a significantly larger oxide peak, and the
sample stored one day in water shows essentially no As oxidation.

To evaluate the longevity of the surface passivation effect, in Fig. 5 we compare the time-
dependence of the As-Oy intensity for samples stored in ambient air. It is clear that the S-
passivation retards re-oxidation considerably. After a few days, the passivated samples show
only about 1/3 of the oxide level of the HCl-etched control. After over a month in the ambient
air, the passivated samples develop less than half of the native oxide thickness (Fig. 5 dotted
line), whereas the acid-etched control is almost fully re-oxidized. It should be noted that the
initial amount of As-Oy observed immediately after the HCI etch is comparable to the passivated
sample only because the surface is covered with an amorphous layer of elemental As and other

by-products of the acid-etch reaction.



The XPS intensity of the As-Ox component can be quantitatively converted into an effective
layer thickness using a simple overlayer model and reference oxide thickness data from Ref.
[40]. As shown on the right axis in Fig. 5, the oxide re-grown on the passivated samples is very
thin, <1 nm. However, this thickness is extrapolated from data for oxides >1 nm [40], which are
likely to be more uniform and of somewhat different composition, so this calibration is only
approximate. The native oxide layer appears to be about 1.7 nm, a thickness within the range of
the reference dataset [40] and therefore more reliable. For comparison, a previous
spectroellipsometry study [41] estimated the thickness of the amorphous overlayer (including
sulfur, water and oxides) to be about 3 nm on a S-passivated sample after 16 hours in air.

3.4 Chemical stability

The spectra in Fig. 6 illustrate the reactivity of S-passivated surfaces in aqueous solutions of
varying pH. It is clear that changes from neutral pH to both higher and lower values produce
changes in surface composition, i.e. the surface is not chemically inert. At higher pH, In shows
additional oxidation compared to that observed in water, whereas As is essentially unchanged.
Lower pH, on the other hand, essentially removes the oxide and sulfide components from In 3ds,
spectra, and introduces an As 3d component centered around 42.5 eV binding energy
(highlighted in gray), which is consistent with an As-S chemical shift [29]. The observed
behavior is consistent with the solubility properties of In and As compounds [42, 43]: AsOx and
AsSy are more soluble at high pH (similar to the pH of the passivating solution), InSy, AsOy, and
InOy are soluble at low pH (e.g. an acid bath strips the native oxide layer).

The stability of S-passivated surfaces was tested in the following commonly used organic
solvents: ethanol, isopropanol, acetone, hexanes, toluene, ethyl acetate, tetrahydrofuran,

methylene chloride, and chloroform (data not shown). The selected solvents span a range of
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values of the dielectric constant, a solvent property reported [3, 44, 45] to affect passivation by
sulfides (from 1.9 for hexanes to 25 for ethanol).

We find that the sulfur layer is not dissolved by any of the investigated solvents. Overnight
soaking in toluene and hexanes however induced substantial oxidation of the sulfur, and
produced the highest oxidation both in terms of AsOy formation and total O Is intensity. In
general, there is a trend of increasing oxidation with decreasing dielectric constant of the solvent,
which most likely is related to oxygen diffusion and solubility. The carbon contamination was
the highest after the soak in hexanes, about twice as much as after any of the other solvents. This
contamination resisted rinsing and soaking in ethanol and methylene chloride, indicating the
formation of a strongly adsorbed hydrocarbon layer.

All solvents were ACS and HPLC grade, used without any additional purification, the results
may be different with highly purified solvents or under anaerobic conditions. We found that a
small concentration of impurities in nominally benign solvents can strongly affect their reaction
with a passivated surface, e.g. methylene chloride from a bottle open for over a year created
more In and As oxides than in the native surface oxide, and almost completely removed the
sulfur. The same solvent from a freshly opened bottle produced the smallest degree of oxidation
in this study! Aged vs. fresh chloroform behaved in a similar way, and the aging effect could be
replicated to some degree in fresh solvents degraded by exposure to UV light.

3.5 Structure and reactivity

Both the surface oxidation and chemical reactivity results support the standard S-on-In-on-As
“layer-cake” structure model. A small and fairly constant degree of surface In oxidation is
observed following various exposures to air and water [Fig. 4(a)], consistent with a partially

exposed top In layer protected only by a disordered S layer. In contrast, the degree of As
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oxidation depends quite dramatically on the conditions [see Figs. 4(b) and 6(b)]. In non-reactive
liquid environments, As oxidation is slow and its rate increases with oxygen diffusion and
solubility. In air, the As oxidation is faster, and the rate dramatically increases with temperature.
Oxidation in both types of environment is consistent with the “layer-cake” structure model,
whereby the As layer reactivity is limited by oxygen diffusion through the S-In overlayer, and
thus As oxidation is faster at higher gaseous oxygen concentration and temperature.

3.6 Implications for sensor applications

There are three general approaches to improving sensitivity of a sensor device based on
conductivity changes due to adsorbate-induced band bending (e.g. the GaAs/AlGaAs structure
[7] described in the introduction): reducing the distance between the sensing layer and adsorbates
(surface), having a 2DEG in the sensing layer, and reducing the size of the sensing elements [46]
to increase the surface-to-volume ratio.

The subsurface charge accumulation layer and the associated 2DEG are inherent properties
of InAs surfaces. The (NH4),Sx passivation treatment can be potentially extended for use on
nanostructures such as InAs nanowires [47], because the InAs etch rate in (NH4),Sx solution is
only 0.8 nm/min (50 nm/hr reported in [24]), as demonstrated in Fig. 7 by a 12 nm etch step after
15 minute passivation [48]. In addition, the large carrier density, on the order of 10" cm™ [13,
15], makes InAs surfaces inherently conductive even for nanometer-scale films [49-51] and
wires [52, 53]. InAs-based conductivity sensors therefore can potentially benefit from all the
factors that would increase their sensitivity.

The (NH4),Sx passivation effectively removes undesirable oxides and impurities with
minimal etching, creates InAs-S surfaces with good short-term stability in the ambient

environment, and preserves the beneficial electronic surface properties — all requirements for a
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first step in a practical sensor surface preparation. Self-assembled monolayers (SAMs) offer a
promising extension of this passivation strategy that may provide longer term stability [54, 55]
and biocompatibility. Because the interface chemistry is similar to InAs-S, we can expect SAM
passivation to preserve InAs surface electronic properties [56]. Possible strategies for SAM
formation include the use of modified solvent-alkanethiol combinations for passivation [57],

direct attachment of alkane chains to the InAs-S surface, or sulfur displacement by alkanethiols.

4. Conclusions

We have established that ammonium sulfide [(NH4),S«] treatment of InAs (001) surfaces
produces a model passivated surface with well-defined structure and properties. The treatment
effectively removes oxides and contaminants with minimal surface etching, and produces a
covalently bonded sulfur passivation layer with good short-term stability in a variety of ambient
environments. The sulfur passivation also preserves the surface charge accumulation layer,
increasing the associated downward band bending. Given that (NH4),Sx solutions are widely
used for III-V semiconductor surface passivation [1, 4], the systematic evaluation of the surface
stability and chemical properties of the model surface in this work establishes a good practical
benchmark for evaluating alternative passivation approaches. The electronic properties of the
model S-passivated surfaces should also provide an appropriate reference for measurements on
surfaces passivated by more complex overlayers, e.g. SAMs. In addition to providing model
passivated InAs surfaces, the sulfur passivation treatment also satisfies a variety of criteria

desirable for preparation of surfaces for sensor applications.
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Fig. 1. XPS survey spectra for an InAs(110) surface cleaved in situ (gray line, from Ref.
[28]) and an (NH4),Ss-passivated InAs(001) wafer (black line). Except for the S 2p peak for
InAs-S (arrow at =160 eV), the spectra are almost identical. The O /s and C Is regions are
indicated by arrows (=530 eV and =280 eV respectively) and magnified in the insets. Even
though the passivated sample spent 20 minutes in air, the oxygen and carbon contamination are

comparable to that on the surface cleaved in situ.
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Fig. 2. Angle-resolved spectra (takeoff angle of 55°) of In 3ds,; and As 3d core-levels for an
InAs(001) wafer as-received (top) and after (NH4),Sx passivation (bottom). Substantial native
oxide In-Oy and As-Ox components are present on the wafer as-received, shifted by 1, and 3.2 eV
and 4.7 eV from bulk peaks, respectively. After passivation (and 20 minutes in ambient air), In-
Oy is replaced by an In-Sy component (shifted 0.45 eV), and only negligible amounts of As-O

and As-Sy (intensity between 42 and 45 eV) are observed.
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Fig. 3. As 3ds,; core-level binding energy vs. photoelectron takeoff angle for as-grown and
(NHa4),Sx-passivated InAs (001) films. The observation of an angular dependence indicates that

some band bending is present in both cases, with the bands bent downward about 75 meV more

on the passivated surface.

—17-



(5) ' ' A's3d

1dayinDIH,0 ¢

100°C bake in air

3 days in air

Photoemission Intensity (normalized to peak max)

as-passivated

446 444 442 46 44 42 40
Binding Energy (eV)

Fig. 4. The re-oxidation of (NHy),Sx-passivated InAs(001) in air and water monitored via (a)
In 3ds/; and (b) As 3d core-levels (angle-integrated, normal emission). As-Oy re-growth is slow
in ambient air at room temperature, but is considerably enhanced by a 15 min bake at 100 °C.
As-Oy formation in de-ionized water is negligible. The formation of In-Oy is essentially identical

in all three cases.
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Fig. 5. Comparison of re-oxidation of the passivated (full circles) and HCl-etched (open
circles) surfaces in ambient air, as indicated by the As-Oy peak intensity normalized to the bulk
As peak (from angle-integrated, normal emission spectra). Lines are added to guide the eye. The
normalized As-Ox peak intensity scales approximately linearly with effective oxide thickness

estimated from Ref. [40] data (right axis). The As-Ox amount for the HCl-etched sample almost

reaches that of an InAs(001) wafer as-received (dotted line).
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Fig. 6. Angle-integrated, normal emission In 3ds,, and As 3d core-level spectra following the
reaction of S-passivated InAs surfaces in aqueous solutions with a range of pH. In de-ionized
water, As-Oy formation is negligible and In oxidation is comparable to that in air (see Fig. 4). A
dilute HCI solution removes In-Ox and In-Sy almost completely, with the sulfur apparently
transferred to the As (42-43 eV component). Dilute NaOH produces the strongest In oxidation

along with a very slight increase in As-Oy (predominantly an As,O3; component at 44 eV).
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& g Distance (Ei?m) g
Fig. 7. Tapping mode AFM image and line scan profile across a 12 nm etch step on a
(NH4),Sx-passivated InAs (001) surface. The upper terrace (left) was protected during
passivation by PMMA resist which was removed prior to imaging. When applying the resist, a
single stray brush hair produced the narrow line seen on the lower terrace (right), demonstrating

process compatibility with micron-scale features.
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